In 1989, three groups simultaneously and independently discovered RNA editing in the mitochondria of angiosperms (flowering plants; refs. 1-3). Two years later, H. Kossel and colleagues reported the same type of editing in angiosperm chloroplasts (4). In both cases, multiple site-specific changes from C to U occur in RNAs transcribed from the organellar DNA. These changes take place predominantly at first or second positions of codons, so that edited triplets specify a different amino acid than their unedited (genome-encoded) counterparts (reviewed in refs. 5-15). In contrast, sequence comparisons suggest that no such editing is required for gene expression in either mitochondria or chloroplasts of the liverwort, Marchantia polymorpha (a bryophyte; see refs. 16 and 17). Initially, therefore, it seemed that C-to-U RNA editing might be restricted to angiosperms (18), or at least to more recently evolved lineages within the plant kingdom (19). However, in more recent work, A. Brennicke and colleagues (20, 21) have shown that editing of mitochondrial transcripts is widespread within the land plants, occurring in all major groups, including the Bryophyta.
In 1989, three groups simultaneously and independently discovered RNA editing in the mitochondria of angiosperms (flowering plants; refs. 1-3). Two years later, H. Kossel and colleagues reported the same type of editing in angiosperm chloroplasts (4) . In both cases, multiple site-specific changes from C to U occur in RNAs transcribed from the organellar DNA. These changes take place predominantly at first or second positions of codons, so that edited triplets specify a different amino acid than their unedited (genome-encoded) counterparts (reviewed in refs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In contrast, sequence comparisons suggest that no such editing is required for gene expression in either mitochondria or chloroplasts of the liverwort, Marchantia polymorpha (a bryophyte; see refs. 16 and 17) . Initially, therefore, it seemed that C-to-U RNA editing might be restricted to angiosperms (18) , or at least to more recently evolved lineages within the plant kingdom (19) . However, in more recent work, A. Brennicke and colleagues (20, 21) have shown that editing of mitochondrial transcripts is widespread within the land plants, occurring in all major groups, including the Bryophyta.
In this issue of the Proceedings, Wakasugi et al. (22) present evidence that C-to-U editing of chloroplast transcripts is not restricted to angiosperms, but also occurs in a gymnosperm, Pinus thunbergii (black pine). Together with a recent report (23) of extensive RNA editing in the chloroplasts of the hornwort, Anthoceros formosae (another bryophyte), this work considerably extends the known distribution of plant chloroplast RNA editing, the phylogenetic range of which now parallels that of plant mitochondrial editing. Aside from their evolutionary significance, these new data implicate RNA editing in novel aspects of chloroplast gene expression. Moreover, they emphasize possible differences in the mechanism of editing and the determinants of its specificity in the two organelles and among different plant species.
Similarities and Differences
Although C-to-U RNA editing has been reported to occur in plant mitochondrial rRNA (24) , tRNA (25, 26) , and intron sequences (see ref. 9), as well as in 5'-and 3'-untranslated regions of mRNAs specified by mitochondrial DNA (see refs. 7 and 8), it predominantly affects the translated regions of protein-coding transcripts. Virtually all plant mitochondrial mRNAs are edited to some extent (see ref. 27 for an exception). Because internal edits are mostly localized to first and second positions of codons, they almost always change the encoded genetic information at these sites. Usually, the altered amino acid sequence more closely matches the homologous sequence from nonplant mitochondria at conserved amino acid positions. On the basis of such sequence comparisons, it can be argued (for example, see ref. 28 ) that RNA editing is required for function, effectively acting as an "RNA repair" mechanism to "correct" gene-encoded mutations that would otherwise be lethal (10 (17) ]. Quantitative differences aside, the nature and consequences of editing are strikingly similar in the two organelles, so much that it would not be at all surprising to find that the two editing systems share common components (see below).
Nonetheless, as studies of RNA editing have been extended to a broader selection of land plant phyla, some intriguing differences have started to emerge. The results of Wakasugi et al. (22) not only show that C-to-U RNA editing occurs in gymnosperms, but that the number of editing events is considerably higher than in the homologous transcripts from angiosperm chloroplasts (26 editing sites in the transcripts of 12 genes/ORFs in black pine versus only three sites in the corresponding maize transcripts). Additionally, there appear to be differences in codon substitution preference: of 14 types of codon transition identified in pine chloroplasts, 8 have not been found to date in the chloroplasts of angiosperms. The pine chloroplast editing system also seems to be less restrictive with respect to the codon position that is edited (the second position being used almost exclusively in maize chloroplasts). It should be recognized, however, that some of these perceived differences between RNA editing in angiosperm and gymnosperm chloroplasts may simply reflect the fact that relevant comparative data are currently available from only one (gymnosperm) or a few (angiosperm) genera within each lineage.
C-to-U Versus U-to-C: Mechanism of RNA Editing Recent evidence indicates that C-to-U RNA editing proceeds via a site-specific oxidative deamination or transamination mechanism, rather than by way of a nucleotide excision/ replacement or transglycosylation pathway (30) (31) (32) . A sitespecific cytidine deaminase has been implicated in the C-to-U RNA editing of-a CAA (Gln) codon in mammalian apolipoprotein B mRNA (33, 34) , and it is reasonable to suppose that RNA editing might occur by a similar mechanism in plant organelles. However, such an activity has not been detected in wheat mitochondrial extracts that actively carry out RNA editing in vitro (32) .
Relevant to the question of mechanism are the rare "reverse" (U-to-C) editing events that have been documented in angiosperm mitochondria (35, 36) . No U-to-C editing events *e-mail: M.W.Gray@Dal.Ca.
have been reported so far in gymnosperm mitochondrial transcripts, although the available data are still rather limited (19) (20) (21) 37) . However, U-to-C editing evidently does occur in the mitochondria of the ferns Asplenium, Osmunda, and Ophioglossum, the liverwort Pellia, and the hornwort Anthoceros (20, 21) . No U-to-C editing has been observed in angiosperm chloroplasts, nor was it found in gymnosperm chloroplasts in the study of Wakasugi et al. (22) . However, Yoshinaga et al. (23) have reported 13 C-to-U and seven U-to-C changes in transcripts of the chloroplast rbcL gene in the hornwort, Anthoceros formosae. In both mitochondria and chloroplasts, U-to-C editing appears to be required both to generate conserved amino acids and to change genomically encoded termination codons to sense codons. This indicates that both C-to-U and U-to-C editing play essential roles in gene expression in both organelles.
The observation of U-to-C editing has important implications for our ideas about the biochemical mechanism of RNA editing in plant organelles. If a single system is responsible for both types of editing, then the mechanism cannot be an irreversible oxidative deamination but is more likely to be a reversible transamination. Alternatively, the two types of editing could be mediated by separate systems via two different mechanisms, in which case C-to-U editing could still involve site-specific deamination. Further development of in vitro mitochondrial (31, 38) and chloroplast editing systems will be necessary to distinguish between these possibilities.
Determinants of Specificity
A fundamental but still unsolved question is what determines the specificity of the RNA editing process in plant organellesi.e., how are C residues (or U residues, in the case of U-to-C editing) selected for editing? A role for nucleotide sequence surrounding editing sites is indicated by examples of sitespecific editing that occur within the identical sequence carried by two different mitochondrial mRNAs in the same plant (2, 39). Conversely, differences in editing at a particular site have been observed in transcripts derived from the same segment of DNA found at different locations in the plant mitochondrial genome (as a result of gene duplication/recombination; refs. 40 and 41). Such differential editing has been correlated with sequence alterations in the vicinity of editing sites. Some homologous C-to-U sites that are edited in one angiosperm species have been found to be either partially edited or completely unedited in other angiosperms (42, 43) , again suggesting that differences in nearby nucleotide sequence play a role in the selection of these editing sites.
Although such observations emphasize a role for sequence context in C-to-U editing, it is not clear at the moment just what the sequence determinants comprise. Early work indicated that there is a nonrandom distribution of nucleotides flanking editing sites in angiosperm mitochondrial mRNAs (42) , and sequence similarities around editing sites have been reported (36, 39) . However, neither nucleotide sequence nor potential secondary structure provide much insight into general rules that might define editing sites (ref. 42 ; see also ref. 15 ). In the case of mRNA specifying glutamate receptor subunit in mammals, formation of specific intramolecular base pairs has been implicated in the selection of A-to-I editing sites (44, 45) . However, considering the extent of editing and the variety of editing sites in plant organellar mRNAs, it is difficult to imagine that higher-order structure alone could be a sufficient determinant of editing site specificity in plant mitochondrial and chloroplast mRNAs, although it may be a necessary condition in some cases. There is as yet no evidence for the existence of trans-acting antisense RNAs that might base pair with editing sites, such as the guide RNAs that mediate the U addition/deletion editing that occurs in the mitochondria of trypanosomatid protozoa (46 (48) , and that sequence alterations (from a tobacco to a spinach context) result in loss of editing at a particular C residue in transcripts of the psbF gene of tobacco (49) . A systematic investigation using this approach could yield precise information about the sequence requirements for editing at a given site.
Comparisons of RNA editing patterns between mitochondria and chloroplasts have revealed some further intriguing similarities and differences. In angiosperms, mitochondrial and chloroplast genomes encode an homologous set of genes (nad and ndh, respectively) specifying subunits of NADH dehydrogenase. In both organelles, some homologous positions are edited identically in the corresponding transcripts, and sequences surrounding homologous sites show similarities in nucleotide sequence (50) . This has prompted the suggestion that in a given plant, the editing machinery in the two organelles may share common components. Chloroplast editing takes place normally in a barley mutant unable to carry out protein synthesis (51), demonstrating not only that editing is not obligatorily coupled to translation, but also that the editing machinery is likely to be encoded by nuclear rather than organellar genes. If that is the case, it is theoretically possible that the product of a single nuclear gene specifying an editing protein could be targetted to both mitochondria and chloroplasts (see for example ref. 52) .
Parallels between the patterns of RNA editing in mitochondria and chloroplasts of the same plant genus or species reinforce the perception that there may be some fundamental commonality. For example, whereas editing appears to be absent in both mitochondria and chloroplasts of one bryophyte genus (Marchantia; see refs. 16 and 17) , there is a relatively high degree of both C-to-U and U-to-C editing in both mitochondrial (21) and chloroplast (23) transcripts in another bryophyte (Anthoceros). Although sharing of some RNA editing components between chloroplast and mitochondria remains an attractive possibility, there evidently are site-and/or species-specific (48, 51) , as well as organelle-specific, editing factors. Support for the concept of organelle-specific factors comes from the demonstration that a petunia mitochondrial sequence does not undergo editing when transformed into tobacco chloroplasts (53) , even though the same sequence is edited normally in petunia mitochondria when it is in an altered context in a chimeric petunia gene.
Origin and Evolution of RNA Editing in Plant Organelles
The results of Wakasugi et al. (22) and Yoshinaga et al. (23) push the origin of chloroplast RNA editing to the base of the land plant lineage, well before the emergence of the angiosperms. Together with other recent results concerning the phylogenetic distribution of RNA editing in plant mitochondria (20, 21) , these new data demonstrate that RNA editing is not a recently derived trait within the land plants, but must have been extant in a very early ancestor of this lineage. Moreover, because there is now clear evidence of both C-to-U and U-to-C editing events in both chloroplasts and mitochondria of early branching land plants, it is tempting to speculate not only that the C-to-U and U-to-C processes are mechanistically related [ Commentary: Gray modulate the basic editing system so as to influence its directionality and/or impart organelle, species, and site specificity.
Given that RNA editing can be traced to the earliest branching plant lineages, does that mean that it also operates in the mitochondria and/or chloroplasts of those green algae (the Charophyceae) that are thought to share a specific common ancestry with land plants? So far, there is no evidence this is the case (20, 21) , but data pertinent to this question are few. A definitive answer will require a detailed and systematic investigation of organellar genomes and their transcripts from charophyte algae, particularly those that are phylogenetically closest to the land plants.
Finally, if RNA editing existed in a common ancestor of all land plants, how can we rationalize the apparent lack of editing in both mitochondria and chloroplasts of Marchantia polymorpha? Unless and until a complete comparison of gene and corresponding cDNA sequences is undertaken, we cannot exclude the formal possibility that editing does occur in Marchantia organelles, but that it is limited to very few sites. If, however, Marchantia truly does not practice either mitochondrial or chloroplast RNA editing, the most parsimonious explanation given current phylogenetic information (21) , is that this bryophyte originally had this capacity but lost it at some point after Marchantia diverged from other land plants.
In a model to explain the origin of RNA editing systems (18) , P. S. Covello and I have pointed out that an editing activity might emerge through neutral genetic drift involving coevolution of editing activity and editing sites, subsequently being fixed by natural selection (and indeed becoming essential for gene expression) as the number of required editing events increased. Implicit in this model is the assumption that if the number of edits required for function remains small, the system might well become redundant (and thereby dispensible) through appropriate mutation of these few sites to the "edited This commentary is dedicated to the memory of Hans Kossel (deceased December 24, 1995) , whose discovery of chloroplast RNA editing and subsequent investigation of this phenomenon provided the basis for much of the work discussed herein.
